If due to uneven ventilation, the gradient is eliminated by administration of 100 per cent oxygen since, during pure oxygen breathing, even minimally ventilated alveoli eventually attain an oxygen tension approaching atmospheric pressure. Therefore, as shown by Berggren (8) , the A-a gradient measured during the inspiration of pure oxygen may be taken as a measure of shunting of blood from the venous to the arterial side of the circulation.
In the following studies, these concepts were utilized in an effort to clarify the mechanism whereby desaturation occurs in individuals with sickle cell anemia and its variants. In addition, observations were made on the hemodynamic alterations accompanying cardiomegaly in these states and on the relationship of intravascular oxygen tension and degree of sickling to the sickle cell crisis.
MATERIAL AND METHODS
Alveolar-arterial oxygen gradients were measured during the inspiration of low oxygen, room air, and 100 per cent oxygen on 21 subjects possessing S type hemoglobin, 4 of whom had hemoglobin electrophoretic patterns characterized as SA (sickle cell trait), 4 as SC (sickle cell hemoglobin C disease), and 13 as SS (sickle cell disease). The 0.5 second timed expiratory capacities and vital capacities were measured on all subjects using a Gaensler-Collins vitalometer. Cardiac catheterization was done in 10 members of the group. Quantitation of the in vivo sickling phenomenon on both the arterial and venous sides of the circulation, along with measurement of serum hemoglobin levels, was also undertaken.
All measurements were made in the supine position. No premedication was routinely given although the 10 patients who underwent cardiac catheterization received procaine amide hydrochloride (Pronestyl®), 250 mg., and penicillin, 600,000 units, on the morning of the studies.
Arterial blood collections were made from an indwelling Cournand needle inserted into the brachial artery; venous blood samples were obtained from peripheral veins in both arms. Gas mixtures were breathed through a Rudolph two-way breathing valve with Bennett-seal mouthpiece, and expired air was collected in a Douglas bag. Arterial blood was analyzed for CO2 and 02 content, pH, 02 tension (PO2), per cent sickling, and quantity of serum hemoglobin. Venous blood was analyzed for PO2 or 02 content, or both, per cent sickling, and serum hemoglobin. Venous pH was determined in the blood samples analyzed for 02 content, and 02 tensions were calculated using these values, and the 02 dissociation curves of Dill (9) in those patients from whom directly measured venous 02 tensions were not obtained. Carbon dioxide and 02 contents were determined by the method of Van Slyke and Neill, duplicate determinations being required to check within 0.1 volumes per cent. Hydrogen ion concentration was measured at 37.5°C. on a Cambridge research model pH meter. On the first few patients PO2 values were determined using a polarograph with a dropping mercury electrode for high 02 tension (> 100 mm. Hg) and the microbubble equilibration of Riley (12) . Again, the relationship between the known PO2 and that determined polarographically was linear, variations between individual pairs being negligible.
Blood for analysis of per cent sickling was withdrawn anaerobically into Zenker's solution and stained with safranin, utilizing a technique described elsewhere (13) . Counts were done on 1,000 to 1,500 cells. Serum hemoglobin was determined using Crosby's modification of the benzidine method (14) .
Expired air was analyzed for 02 content on a Beckman E-2 magnetic 02 analyzer and for CO2 content on a Liston-Becker infrared CO2 analyzer. These instruments were standardized daily with known gas mixtures and were checked periodically with a Scholander microanalyzer. Gas volumes were measured with a Tissot spirometer and were corrected either to BTPS or to STPD. Physiological dead space was calculated on all patients using a conventional equation (15) .
As soon as the subject appeared to have attained a steady state, a gas collection was made, blood samples being withdrawn midway during the collection. The per cent of oxygen in inspired air was checked on the inspiratory side of the breathing valve with the Beckman 02 analyzer during the collection of expired gas.
On completion of the ambient air measurements, a low oxygen mixture was administered for 30 minutes; all measurements were then repeated. Since we were critically concerned with the effects of low PO2 on the in vivo sickling phenomenon, the levels of 02 used (9 to 15 per cent) were occasionally lower than those recommended by Riley and Cournand (16) .
One hundred per cent 02 was then administered for the same length of time, at the end of which the blood and gas collections were once again repeated. Adequate washout of N2 by the 100 per cent 02 was periodically checked by monitoring expired air on a nitrogen meter.
The alveolar-arterial gradients for 02 were determined using the alveolar air equation to calculate the alveolar PO2. Carbon dioxide tension for use in this equation was derived from the measured arterial CO2 content (Van Slyke), and pH by use of the Singer-Hastings nomogram (17) . The directly measured (polarographic) value for arterial PO2 was then subtracted from the calculated alveolar PO2. To use the A-a gradient obtained in this way for calculation of the approximate magnitude of veno-arterial admixture, it is necessary to perform the determinations while 100 per cent 02 is being breathed and also to know the AV 02 difference (18) . In the 10 catheterized patients, this was measured directly. In eight additional patients, cardiac outputs were estimated at all levels of oxygenation by a modification of a CO2 method described by Forssander (19) . Comparisons between cardiac outputs determined in this way with those determined simultaneously by the conventional Fick method showed a systematic discrepancy for which a correction factor was worked out. The corrected cardiac output could then be used along with the 02 consumption to calculate AV 02 difference. In the 10 remaining determinations an AV 02 difference of 3.75 volumes per cent (which was the average of the foregoing) was assumed. The magnitude of right-to-left shunts may be estimated as follows (18) Right heart catheterization, when done, was performed in the conventional manner. A wedge pressure was recorded and the catheter was then withdrawn and left in the pulmonary artery during gas exchange studies. Pressures were recorded by means of a pressure transducer and a multichannel recorder. Dye curves were obtained using an ear oximeter, following the injection of T-1824 dye into the right atrium.
Radioactive chromium blood volumes were done on seven of the catheterized patients.
RESULTS

A. Room air breathing
Arterial 02 desaturation was present in 16 of the 21 patients (Table I) Table III , been converted to venous 02 tension by use of pH and the 02 dissociation relationship. Venous blood was found to contain fewer sickled cells than arterial blood (inferentially suggesting a higher PO2 in venous than in arterial blood) on three occasions.
C. One hundred per cent oxygen breathing
The values obtained when the patients breathed 100 per cent 02 (Table IV) indicate that a significant degree of right-to-left shunting existed in most of these subjects. The individuals who exhibited arterial 02 desaturation while breathing room air had, while breathing pure oxygen, an average A-a gradient of 165.4 mm. Hg with a calculated shunt of 11.96 per cent. That desaturation is related to shunting is suggested by the fact that the six normally saturated individuals, when studied with pure oxygen, showed an average A-a gradient of only 28.3 mm. Hg with a calculated shunt of 1.93 per cent. One patient (J. A., Nos. 1 and 2) showed a gross increase in the degree of shunting when her hemoglobin was increased from 5.0 to 11.0 Gm. by transfusion. Measurement of venous PO2 in a number of cases showed evidence of marked arterialization, which became more obvious during 100 per cent oxygen breathing than at lower levels.
D. Cardiac catheterization data
Hemodynamic data on 10 patients are set out in Table V . (The numbers identify the patients as listed in previous tables.) With the exception of Subject No. 26, all had radiologic evidence of cardiomegaly. In all subjects the pulmonary vascular resistance was within normal limits. The average cardiac indexes were appreciably elevated and the total blood volumes, done by the radio-490 active chromium method, were increased in all desaturated subjects. The appearance time of all T-1824 dye curves was normal.
E. Additional data
The results of analysis of blood samples obtained simultaneously from two peripheral veins, the brachial artery and, in two instances, from the pulmonary artery, are presented in Table VI . These data offer further evidence of abnormally high oxygen contents in certain peripheral veins.
The ratio (0.5 sec. EC/VC) x 100 is indicative of a significant obstructive ventilatory defect if less than 60 per cent; vital capacity is indicative of a significant restrictive ventilatory defect if it is less than 85 per cent of the predicted normal (20) . The desaturated subjects were found to have an average (0.5 second EC/VC) ratio of 67. t Appearance time (seconds) of T-1824 dye following injection into right atrium. t Blood volumes were determined using both T-1824 dye and radioactive chromium for each value.
Anemia, of itself, has been generally accepted to be unaccompanied by arterial 02 desaturation (6). However, a study by Ryan and Hickam (21) showed 10 severely anemic patients to have an average A-a gradient of 20.5 mm. Hg while breathing room air in comparison to an average gradient of 4.2 mm. Hg in six normal controls similarly studied. Similar results have been obtained on five anemic patients without sickling in this laboratory. It would appear, however, that the degree of desaturation in patients with sickle cell disease is relatively greater than that to be expected on the basis of anemia alone. In the present study, the average hemoglobin level in the sickle cell patients was 2.6 Gm. higher than that in the patients studied by Ryan and Hickam despite which the A-a gradients were much larger in the sickle cell group.
Disturbances in diffusion
The A-a gradients measured while low levels of oxygen were being breathed clearly indicate that defects in diffusion were not the major factor causing desaturation, although it is apparent that some loss of diffusing capacity had occurred in most of the patients. A pronounced abnormality of the diffusing capacity of the lungs, as evidenced by a gross increase in A-a gradient, was present in four patients (Nos. 1, 3, 11, 12) . In all patients, the minute volume of ventilation remained close to normal, unaccompanied by subjective Pulmonary veno-arterial shunting The most important mechanism producing desaturation appears to have been right-to-left shunting within the pulmonary parenchyma. This is indicated by the large A-a PO2 gradients obtained while the patients breathed 100 per cent oxygen.
Two alternative causes for intrapulmonary shunting of blood from right-to-left in sickle cell patients appear possible. First, the shunting may be through anatomical veno-arterial channels which are present as a congenital malformation. Alternatively, the desaturation may be the result of blood traversing unaerated segments of the pulmonary parenchyma or moving through large vascular channels as a result of acquired changes in the lungs.
There is no concrete evidence for an increased incidence of generalized vascular abnormalities in sickle cell disease. Although dilated tortuous vessels have been demonstrated on microscopic pathological examination of the lungs as well as other organs in this disease (22) , fistulous communications between arteries and veins are not described. Injection studies necessary to demonstrate such channels have, however, not been performed.
It is more likely that desaturation stems from pulmonary parenchymal alterations, presumably resulting from the frequent episodes of intrapulmonary difficulty to which these patients are subject. Pneumonia, pulmonary "sickle cell crises," and multiple pulmonary infarction have been invoked as a basis for the episodes.
The majority of the acute pulmonary attacks which have been observed in the subj ects who form the background of this report have proved to be bacterial pneumonia with appropriate cultural confirmation and antibiotic response. There is also a possibility of the existence of some basic immunologic defect over and above the chronic anemic state.
The true nature of the clinical sickle cell crisis is obscure. It 
Peripheral arteriovenous shunting
The presence of partially arterialized blood in certain peripheral veins is well established by these data. The demonstration of unusually high venous oxygen tensions in eight subjects while breathing 100 per cent 02 (Table IV) is particularly striking. The phenomenon suggests a peripheral arteriovenous shunting mechanism and has been noted in normal subjects by Permutt and Isaacs (23) . Whether the phenomenon is more marked or more frequent in patients with sickle cell disease than in normal subjects or patients with other types of anemia is unknown. Our own studies of normal subjects and of patients with anemia of other types (24) suggest that sickle cell disease may be associated with peripheral arteriovenous shunting of unusual magnitude and the various mechanisms that may be involved are currently under study.
Intracardiac hemodynamic relationships
The cardiac catheterization findings were similar to results previously reported by Leight, 
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Snider, Clifford, and Hellems (3). Despite the fact that cardiomegaly was present radiologically in almost all of these patients, the hemodynamic relationships, with one exception, were within normal limits. These findings do not substantiate the hypothesis that the cardiac enlargement in sickle cell disease is often due to cor pulmonale. Increased cardiac outputs and blood volumes, accompanied by normal pulmonary vascular resistances, indicate that the cardiac findings are principally those secondary to the high cardiac output. It is suggested that the mechanism producing these hemodynamic changes may be operative to a greater extent in sickle cell patients than in other comparably anemic patients because of a more profoundly decreased peripheral resistance, produced by extensive peripheral arteriovenous shunting.
SUMMARY
Unsaturation of the arterial blood has been demonstrated in 16 out of 21 patients possessing S hemoglobin in various combinations.
By measuring A-a gradients on three levels of oxygenation, it has been determined that the desaturation is principally the result of intrapulmonary shunting of blood, although defects in diffusion also exist.
Increased cardiac outputs and blood volumes were accompanied by generally decreased pulmonary vascular resistances, suggesting that cor pulmonale is not common in these states. The administration of very low concentrations of oxygen (9 to 11 per cent), while producing increased sickling in both the arterial and venous circulation, resulted in no discernible acute or chronic symptomatology.
